Chapter 10. Radiation Shielding and Activation

O. E. Krivosheev and N. V. Mokhov

10.1. Introduction

Radiation transport analysis, which includes accel erator and nuclear physics, shielding, ac-
tivation, engineering, and safety analyses, is critical to amost all operations important to
the design and construction of an intense high-energy accelerator facility like the proposed
Proton Driver. Asin similar projects of this type, such as the Spallation Neutron Source,
these analyses are fundamentally important because of the impact on machine performance,
conventional facility design, maintenance operations, and because the costs associated with
incorporating the results of the radiation transport analysis can comprise a significant part
of the total facility costs [1].

A very high beam power implies serious constraint on beam losses in the machine [2].
Only with a very efficient beam collimation system [3] can one reduce uncontrolled beam
losses in the machine to an alowablelevel (see Chapter 9). The design strategy of the Pro-
ton Driver is that the beam losses are localized and controlled as much as possible via the
dedicated beam collimation system described in Chapter 9. This way, the source term for
theradiation analysisis aderivative of the collimation system performance with ahigh loss
rate localized in the injection/collimation section and drastically lower uncontrolled beam
loss rate in the rest of the lattice. Aswill be shown below, the main concerns are hands-
on maintenance and ground-water activation. Massive local shielding is needed around the
collimators. The entire complex must be well shielded to allow a non-controlled access to
the outside surfaces under normal operation and accidental beam loss.

The radiation transport analysis of the Proton Driver can be subdivided into two major
categories: (1) Prompt radiation and (2) Residual radiation. Thefirst drives shielding de-
sign and analysisto meet direct radiation criteriafor non-controlled areas. 1t also determines
beam-induced energy deposition effectsin equipment: instantaneous and steady-state tem-
perature rise, dynamic heat load to the cooling systems, dose accumulated in the machine
components that causes material damage and limits component lifetime. The second cat-
egory includes radio-activation of equipment (hands-on maintenance), ground and ground
water, and air.

Thorough Monte Carlo calculations were performed for realistic assumptions and ge-
ometry under normal operation and accidental conditions. This allowed one to deduce the
tolerable beam losses (see Chapter 9) and conduct shielding design and analysisin all as-
pects which impact on machine performance, conventional facility design and maintenance
operations. Several issues—such as air and dirt activation—are left aside, because of the
absence of corresponding input information at this stage and as it was estimated they are
not critical factorsin shielding design and analysis.
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10.2. Regulatory Requirements

1. Prompt radiation: thecriterionfor doseratein non-controlled areas on accessible out-
side surfaces of the shield is0.05 mrem/hr at normal operation and 1 mrem/hr for the
worst case due to accidents [4]. Currently, the Fermilab Radiological Control Man-
ual (FRCM) [4] usesthe phrase*credible accident”. The ability to tolerate aone hour
continuous maximum intensity losswas required in the past, but is no longer required
under all conditions. In many cases, it is not even possible for a machine to do this.
The FRCM [4] requires that the machine designers describe and justify what a possi-
ble credible worst case accident is, and design the shielding—or modify operation of
the machine—accordingly [5].

2. Hands-on maintenance: residual dose rate of 100 mrem/hr at 30 cm from the com-
ponent surface, after 100 day irradiation at 4 hrs after shutdown. Averaged over the
components, the dose rate should be less than 10-20 mrem/hr. It is worth noting that
the (100 days/ 4 hrs/ 30 cm) conditionis practically equivalent to the (30 days/ 1 day
/ 0 cm) one.

3. Ground-water activation: do not exceed radionuclide concentration limits G ey Of
20 pCi/ml for 3H and 0.4 pCi/ml for ??Na in any nearby drinking water supplies.
These limits mean that if water containing only one of the radionuclides at the limit
was used by someone as their primary source of drinking water, that individual would
receive an annual dose equivalent of 4 mrem.

Additionally, we assume the accumulated dose of 20 Mrad/yr or 400 Mrad over 20 years
lifetime in the hot spots of machine components as a radiation damage limit for such ma-
terials as epoxy and cable insulation.

10.3. Ground-Water Activation

Ref. [4] defines the concentration limits for the two long-lived isotopes that most easily
leach and migrate to the ground water: 3H (half-life time 1, /2=12.32 yr, 3~ decay mode)
and #Na (1, ,=2.604 yr, B* andy decay modes). One needsto cal cul ate creation and build-
up of those nuclides. After irradiation over the timet, the concentration of aradionuclidei
in the ground water in soil immediately outside the beam loss region is

i 1 KiLi(1—e VT
Q(%) = 5057\ iLi( - ), (10.2)
where N, is the number of protons per second at the source, Sy is the star density above
50 MeV (stars/cm?/proton) averaged over a volume surrounding the source out to an ap-
propriate boundary (e. g., to 0.1% of the maximum star density at the entrance to the soil,
that is a“99.9% star volume”), K; is the radionuclide production yield (atoms/star), L; is
the leachability factor, n is the soil porosity, and T; is the mean lifetime of the radionu-
clidei, =14,/ In2. The soil porosity nis the ratio of the volume of void in the soil (gen-
eraly filled with water), to the volume of rock (unitless). n = pw;, where w; is the mass
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of water per unit mass of soil that corresponds to the leaching fraction of the ith nuclide
and p is the soil density. KiL; and w; are site specific parameters. For example, Kz Lsy
= 0.075 atoms/star, Kazp, La2y, = 0.0035 atoms/star and n=0.30 for the glacial till of the
Fermilab NuMI project [6].

The sum of the fractions of radionuclide contamination (relative to regulatory limits
Ci reg) Must be less than one for all radionuclides [6, 7]:

Cot = Zl C. reg (10.2)

where R, isthereduction factor for the nuclidei dueto vertical transport through the material
surrounding the tunnel and horizontal transportintheaquifer. Usually, R, istaken to be unity
in such materialsas dolomite, but R < linglacial till and similar materials[7]. Using R=1
would therefore overestimate the result [5].

It is useful to know aMARs calculated hadron flux ®P above a given threshold imme-
diately outside the tunnel wall, which corresponds to G=1. For the NuMI case, with a
120 GeV proton beam on athin 1-m long graphite target in the center of a 2-m radius tun-
nel with 40-cm thick concrete walls, ®2(E > 30 MeV)=3640 cm2s~ 1. That israther close
to ®Y(E > 30 MeV)=4000 cm 2s 1 used in reference [6]. For the 16-GeV Proton Driver
arcs, this flux outside a 40-cm thick concrete wall which is 1.6 m from a beam axis, is
PY(E > 30 MeV)=3450 cm2s~! and ®Q(E > 20 MeV)=3850 cm?s . The fraction of
3H contamination is about 30%, while that of ??Na is about 70%.

10.4. Radiation Analysis M ethodology
10.4.1. Normal operation and beam accident

The shielding analysis for the beam transport lines, arcs and long straight sections is per-
formed both for normal operation and for accidental beam loss. The simplest operational
scenario is a1 W/m beam loss rate distributed uniformly along the beam line. A redlistic
one is based on the beam loss distributions of Chapter 9 with the average rates in the arcs
of about 0.2 W/m at the top energy and less than 0.05 W/m at injection. In all cases, beam
loss and local shielding (see below) in the collimation region are determined from realistic
distributionsin the P20 straight section calculated in this study. With the long bare driftsin
the arcs and P20 section components locally shielded to meet hands-on maintenance lim-
its, the ground-water protection requirements (see Chapter 9) are fulfilled. Certainly, the
4 MW Phase Il of this project would require further consideration of radiation shielding
issues. Prevention of ground-water flow in avicinity of the tunnel wall isan additional pos-
sibility here. The shielding against prompt radiation is designed such that the dose rate on
accessible outer surfaces of the shield isless than 0.05 mrem/hr in non-controlled areas.

For the worst case catastrophic incredible accident we assume aloss of thefull 1.2 MW
of beam at asingle point, with the shielding reducing the dose on accessible outside surfaces
of the shield to less than 1 mrem/hr in non-controlled areas. The new DOE regul ations now
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allow for credit to be taken for active shutdown measures, allowing one to address credible
beam spill accidents with respect to the shield design [8]. In the current Proton Driver de-
sign, the“worst credible accident” approach is used, which would limit the amount of beam
lost in such an accident to about 0.1% of that in the incredible case.

10.4.2. MARS modeling

The MARS code system [9] is used to perform al the calculationsin this study. A new in-
terface library has been developed—using ideas and the code of Ref. [10]—which allows
one to read and build a complex machine geometry directly from the MAD lattice descrip-
tion. The call-back mechanism is used to achieve such a goal. The user describes the ge-
ometry components at ¥ = 0 and unrotated, their field, materials and volumes as callable
functions with well-defined signature and registers them with the MAD interface code. Us-
ing information on the lattice description, MAD generates rotation matrices and translation
vectors for the particular element together with glue elements. The call-back mechanism
also allows one to register and call specific geometry, field and initialization function for
any non-standard element in the lattice. The dipole, quadrupole and sextupole field com-
ponents from the MAD lattice description are transfered to the respective field functionsin
order to correl atethefield with | attice bending angle. Anexample of thelattice model geom-
etry generated isshown inFig. 9.3. Using thisMAD/MARS interface, the arc cellswere built
for the 16 GeV Proton Driver lattice. The beam lines include magnets, quadrupoles, bare
beam pipes (drifts) and tunnel geometry. The magnetic fields for the particular components
were also implemented in the model. Typical cross-section views of the lattice elementsin
the calculation model are shown in Fig. 9.4.

To estimate tolerable beam loss, it is assumed that the beam loss rate is quasi-uniform
along the arc region considered and that protons hit the beam-pipe under agrazing angle of
1 mrad horizontally inwards (see Chapter 9). The results are normalized to a beam loss of
1 W/m, which is equivalent to 3.9x 108 protons/m/s for a 16 GeV machine.

In MARS calculationsfor shielding and activation analysis, morerealistic beam lossdis-
tributions from Chapter 9 have been used as generated with a tracking code STRUCT [11].
Calculated are energy deposition in dipole and quadrupole coils, residual dose rates on con-
tact to the lattice elements and shielding, and dose and particle flux distributionsin the tun-
nel cross-section. The latter are averaged over the “99.9% volume” star density in soil to
calculate the ground-water activation assuming a 20 yr irradiation time and the glacial till
parameters with R,=1, and dose distribution in soil to estimate shielding parameters.

10.4.3. Benchmarking and uncertainties

Reliable calculation of dose attenuation in the shielding to allowable levelsis a non-trivial
problem. Several techniques—such as biasing, mathematical expectation, exponential
transformation and a combination of Monte Carlo with deterministic methods—are used
to reach probability levels of ~10710. The uncertainties of the radiation field predictions
over such a dynamic range are not easy to quantify. The most direct way is benchmarking
against experimental data and other reliable simulation codes.
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There has been substantial progress with Monte-Carlo code developments and valida-
tion over the last several years. The current versions of the MARS [9], FLUKA [12, 13] and
MCNPX [14] codes are obvious leaders. These days, if an expert uses the right code, en-
ergy deposition, particle fluxes and related values can be predicted with a 10% accuracy in
amajority of cases. Residual dose rate calculation uncertainty is within afactor of two.

Recently, two code verifications have been performed with i ndependent cal cul ation method-
ologies. The first was for a simplified model of the SNS Linac tunnel [15]. A section of
the tunnel was modeled as a cylindrical shell of concrete 2.3 min radius, 0.46 m thick and
30 m long. The tunnel was filled with air and surrounded by 9 m of earth berm for shield-
ing. A 0.15 m diameter by 1 m cylinder of copper in the center of the geometry simulated
the interaction of the 1 GeV proton beam with accelerator components. The ORNL, BNL
and FNAL teams provided their results for this benchmarking. Fig. 10.1 shows dose atten-
uation in the earth berm predicted in six different approaches. The FNAL results obtained
withthe MARS code[9] closely match the ORNL ones obtained with the most recent version
of the LANL MCNPX-CEM code [14] and are within afactor of two of the “recommended”
MCNPX-BERTINI results.
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Figure 10.1. Dose attenuation in the ORNL SNS Linac earth berm [15] as calculated by
ORNL group (lines) and with MARS14 (symbols).

Another recent benchmark [16] was performed for a2-m long cylinder—representative
of the forward shielding of the CM S detector at LHC—for a 10 GeV/c pencil proton beam
hittingit. The absorber consisted radially of iron (O< r <40cm), concrete (40< r <100 cm),
borated polyethylene (100< r <110 cm) and air at 110< r <120 cm. Fig. 10.2 shows a-
most perfect agreement of MARS14 and FLUKA [12] for energy-integrated neutron fluxes.
Both codes reproduce similarly the physics of interactions in different materials in the en-
ergy range spanning tens of GeV down to a fraction of an electronvolt.
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Figure 10.2. Total neutron fluence at 50< z <100 cm in a 2-m composite cylinder
irradiated by a 10 GeV/c pencil proton beam as calculated by MARS14 and FLUKA.

10.4.4. Tunnel shielding

Thefollowing approach to shielding design is used in this study. Both normal operation and
accidental beam losses are considered at injection through the top energy. Realistic beam
loss distributions of Chapter 9 are used as a source term for normal operation wherever they
areavailable. A simplest operational scenariowithal W/mbeamlossrateisassumed other-
wise. Local shielding isprovided around the componentsin all cases where hands-on main-
tenance limits on the component outer surface or radiation load to ground water around the
tunnel walls in this region are exceeded. This equalizes (to some extent) the source term
for the dirt shielding cal culation around the entire machine. For accidental beam loss, both
the worst case catastrophic incredible and credible accidents are considered: a point-like
loss of 1.62x 10! protons for an hour (incredible accident) and 0.1% of that (credible acci-
dent). The maximum thickness from all cases considered is put into the design as the tunnel
shielding in that part of the machine.

Dose on the outer shielding surface depends on the beam energy in acomplex way. As-
suming aquasi-local beam lossin the magnet, dose equival ent was cal culated with MARS14
asafunction of dirt thickness (p =2.24 g/cm®) outsidethe tunnel walls. Fig. 10.3 showsthis
dependence for a400 MeV beam (injection), for two intermediate energies of 3 and 8 GeV,
and for the top beam energy. Dose at high energies scales as E*, where a isabout 0.8, while
o >1 at proton energies below about 1 GeV.
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Figure 10.3. Prompt dose equivalent vs dirt thickness around the tunnel at a point-like
loss of proton beams of different energies.

For the 16 GeV 15 Hz Proton Driver with 3x 10'3 circulating protons, the dose which
corresponds to the 1 mrem limit for the worse case point-likeloss of 1.62x 10 protons for
an hour is Dp=6.18x102* Sv per proton (1 Sv = 100 Rem), requiring about 28 feet of the
dirt shielding around the tunnel. With the accidental beam loss of 0.1% of the above—that
can be defined as a credible accident for this machine—the shield thickness at 16 GeV is
reduced to 18.5 feet. In normal operation, the shielding required is noticeably thinner. With
the uniformly distributed beam loss rate of 1 W/m in the magnets—which is equivalent to
about 3.9x 108 p/m/slost at 16 GeV—the dirt shielding thickness needed to reduce the dose
to 0.05 mrem/hr is ~14 feet. This thickness can be even smaller if one takes into account
the lower average beam loss rates in some regions as cal culated in Chapter 9.

10.5. Beam Transport Line Shielding

As Chapter 18 suggests, from the standpoint of machine reliability, a credible accident is
defined for beam transport lines as a point-likeloss of the full beam continuing for one sec-
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ond during a given one hour period of operations, resulting in Np (p/sec) lost in a beam-
line element. Lateral shielding of thicknessta must provide attenuation of the dose at non-
controlled areas on accessible outside surfaces of the shield to 1 mrem/hr.

For normal operation of the beam transport lines, we assume at this stage 0.1% loss over
the line length, resulting in a uniform beam loss along a beam line at a Ny (p/m/sec) rate.
L ateral shielding of thicknessto must provideattenuation of the dose at non-controlled areas
on accessi ble outside surfaces of the shield to 0.05 mrem/hr. Material of thelateral shielding
outside the tunnel walls is assumed to be Fermilab wet dirt of density p =2.24 g/cm?®.

10.5.1. Injection

Accidental 0.4-GeV beam loss of Na=4.95x 10 (p/sec) requires t4=10.5 feet of dirt. Op-
erational 0.4-GeV beam loss of No=1.65x10° (p/m/sec) = 0.106 W/m along a 300-m long
injection beam line requiresto=9.5 feet of dirt. Assuming a safety factor of 3, the thickness
of dirt shielding above the 0.4-GeV injection beam lineis 12 feet. Phasell (4 MW, 1 GeV)
will require about 15.25 feet of dirt.

10.5.2. Extraction

Accidental 16-GeV beam loss of Na=4.5x 10 (p/sec) requires ta=17 feet of dirt. Opera-
tional 16-GeV beam loss of No=4.5x 10® (p/m/sec) = 1.152 W/m along a 1000-m long ex-
traction beam line requirestp=14.5 feet of dirt. Assuming asafety factor of 3, the thickness
of dirt shielding above the 16-GeV extraction beam lineis 18.5 feet. Phase Il (4 MW) will
require about 20 feet of dirt.

10.6. P10, P30 and P50 Arc Shielding

Asdescribed in Section 10.4.2, MARS14 simulations in the arcs are donefirst for longitudi-
nally uniform 16-GeV beam loss and then for realistic beam loss distributions from Chap-
ter 9. Thefull arc lattice in arectangular tunnel embedded into wet Fermilab dirt isimple-
mented into the MARS calculation model. Thetunnel widthis 16 feet, itsheightis 9 feet, the
concrete wallsare 15-inch thick, ceiling and floor are 30-inch thick. The lattice elements as
modeled in MARS are described in Chapter 9. Fig. 10.4 shows a plan view of the arc tun-
nel with magnets as implemented into the model, while cross-sectional views are shown in
Fig. 10.5. Cable trays are positioned at the ceiling in the left and right corners of the cross-
sections shown.

10.6.1. Prompt radiation

Even with the beam lost uniformly along the arc lattice, there are pronounced peaks of ra-
diation field around the long bare beam pipes. These could dominate the radiation environ-
ment near the beam line. Fig. 10.6 shows hadron flux distributions across the lattice ele-
ments, tunnel, its walls and first layers of the surrounding dirt. The flux and, as a result,
all other radiation values are about a factor of ten higher on the long bare beam pipe com-
pared to that on the magnet outer surfaces. At large distances from the lattice el ements, at
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Figure 10.4. Plan view of the modeled arc.

tunnel walls, ceiling and floor, and in the surrounding dirt, the radiation levels are much
more uniform longitudinally and transversely. In the model considered, the hadron flux
immediately outside the tunnel walls near the peaks in the magnets is below the limit of
®9(E > 20 MeV)=3850 cm2s~ 1. The flux outside of theinward tunnel wall and under the
floor near the long bare beam pipe peaks is above the limit by a factor of 3to 5, whileitis
right on the limit above the ceiling and outside the outward wall. This implies that either
the beam loss rate on the long bare beam pipes should be kept below 0.2-0.3 W/m or these
regions require local shielding.
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Figure 10.6. Hadron (E>20 MeV) isofluxes (cm~2s~1 at 1 W/m) in the arc tunnel
cross-section at peak at a dipole magnet (left) and long drift (right).
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Despite variation in realistic beam loss distribution along the lattice and remembering
the fact that the shield thickness is driven by accidental beam loss which can take placein
an arbitrary lattice location, a uniform shielding design along the arcs is suggested. With
the worst case point-like accidental loss of 0.1% of the 1-hour beam intensity at 16 GeV—
acredible accident for the arcs and long straight sections—the shield thickness required is
18.5 feet of Fermilab wet dirt. At normal operation, it is about 14 feet. Assuming a safety
factor of 3, the thickness of dirt shielding above the arcs is 20 feet. Phase Il (4 MW) will
require about 21.5 feet of dirt.

Fig. 10.7 shows annual dose distributionsin the same arc cross-sections at adipole mag-
net and long drift peaks. The maximum dose accumulated in the coilsis about 2 Mrad/yr
at 1 W/m beam loss rate which is acceptable with use of appropriate materials for insula-
tion. Care should be taken of cable insulation, possible oil and electronics in the tunnel.
The maximum annual dose at cable locations at the ceiling is about 0.1-0.2 Mrad/yr above
the magnet hot spots, and is about 0.3-0.5 Mrad/yr above the 6-m long bare beam pipes at
1 W/m beam loss rate.
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Figure 10.7. Isodose distributions (krad/yr at 1 W/m) in the arc tunnel cross-section at
peak at a dipole magnet (left) and long drift (right).

10.6.2. Residual radiation

Calculated peak residual dose rates on contact are shown in Fig. 10.8 for 30 days of irradia-
tionat 1 W/m uniform beam lossrate and 1 day of cooling. Remember that these conditions
giveresultsvery closeto 100 day irradiation and 4 hours cooling for the dose at 30 cm radial
distance from the component surface. The dose near the bare beam pipes exceeds the design
goal for hot regions of 100 mrem/hr, being noticeably lower near the magnets dueto signifi-
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Figure 10.8. Peak residual dose rates (mrem/hr) on the outer surface of the arc elements at
1 W/m uniform beam loss rate at 16 GeV.

cant absorption of soft photonsin the dipole and quadrupole materials. One sees that hands-
on maintenance is a serious issue with about 3 W/m as atol erable maximum beam loss rate
in the lattice elements, except for the long bare beam pipes where one should decrease the
loss rate to 0.25 W/m to reduce the dose to 100 mrem/hr. One needs further reduction to
bring the dose down to a good practice value of about 10-20 mrem/hr. Alternatively, one
can think of providing simple shielding around the bare beam pipes. For ground-water acti-
vation immediately outside the tunnel walls, the peak values are below the limit around the
magnets, but are 2 to 3 times above the limit at 1 W/m beam loss rate on bare beam pipes.
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At 16 GeV the determining factor is hands-on maintenance, with about 3 W/m as a
tolerable maximum beam loss rate in the lattice elements, except for the open long beam
pipes. There one should reducethe lossrateto 0.25 W/m to reduce the dose to 100 mrem/hr.
One needs further reduction to bring the dose down to a good practice value of about 10-
20 mrem/hr. Alternatively, one can think of providing simple shielding around the bare
beam pipes.

10.7. P20 Long Straight Shielding

The P20 long straight section, with the injection system and with the collimation system
intercepting about 99% of beam loss, is the hottest region in the machine. The beam loss
distribution of Chapter 9isused asasourcetermintheMARS14 simulationsinthisregion. It
isassumed that 10% of theintensity isintercepted at injection, and 1% at thetop energy. The
region considered includes all the components of the P20 long straight section (seeFig. 9.1)
as shown in Fig. 10.9. The secondary copper collimators are 0.5-m long and 44 x 44 cn?
transversely. They are the hottest spots, with beam loss rates of several KW/m.
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Figure 10.9. Longitudinal view of the collimation region (left) and cross-sectional view at
the C1 collimator (right) with the proposed shielding as implemented into the MARS14
calculation mode!.

10.7.1. Prompt radiation

To meet the regulatory requirements for hands-on maintenance and ground-water activa-
tion, massive shielding is required in the P20 region. Calculations show that the optimal
configuration would include local shielding around collimators along with extended shield-
ing over the entireregion. Local steel shielding is 2.5 m long and extends to |x, y|=115 cm
transversely around all secondary collimators, dipoles and quadrupol esdownstream. To ac-
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comodate this shielding, the P20 tunnel interior isenlarged by 90 cm horizontally and verti-
cally. Hadron flux distributions at the secondary collimator C2 and supplementary collima-
tor SC3 (see Fig. 9.1) are shown in Fig. 10.10 and Fig. 10.11 (left). With such a shield, ra-
diation levelsoutside the tunnel wall arevery closeto thoseinthearcs. Therefore, the same
external shielding design both for normal operation and beam accident is applied. With a
safety factor of 3, the thickness of dirt shielding above the P20 long straight section is 20
feet, increased to about 21.5 feet at Phase |l (4 MW).

Fig. 10.11 (right) shows annual dose distribution in the P20 tunnel cross-section at the
C2 collimator. The maximum dose accumulated in the collimator cores is several hundred
Mrad/yr. The maximum annual dose at cable locations at the ceiling is about 50 krad/yr.
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Figure 10.10. Hadron (E>20 MeV) isoflux (cm~2s~1) in the P20 tunnel cross-section at
the collimators C2 (left) and SC3 (right).

10.7.2. Residual radiation

AsshowninFig. 10.10, the hadron flux immediately outside the tunnel walls averaged over
each side exceeds by about a factor of three the limit of ®Q(E > 20 MeV)=3850 cm s 1,
that corresponds to the ground water activation limit Cir=1in (10.2). Thisimpliesthat the
P20 tunnel wall thickness should beincreased by about one foot, which may also be needed
because of the large tunnel cross-section.

Residual dose rates on the outer surface of the proposed shielding do not exceed
20 mrem/hr after a 30 day irradiation and 1 day cooling. Taking into account all the cur-
rent uncertainties, one can use the proposed configuration as a baseline for further studies.
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Figure 10.11.Hadron (E>20 MeV) isoflux (cm~2s™1) in the P20 tunnel cross-section two
meters downstream of the collimator C3 (left) and isodose distribution (krad/yr) at the
secondary collimator C2 (right).

It isinteresting to note that the dose peaks are | ocated about 2 m downstream of the collima-
tors and the corresponding peaks in the beam loss distribution. These are a source of sec-
ondary particles irradiating the downstream quadrupoles. To provide adequate protection
against low-energy neutrons at the hot spots, hydrogeneous liners (0.3 m thick concrete or
polyethylene) inside and outside the steel shielding might be needed.

The ultimate shielding design will include material cost/volume minimization as well
as civil construction, cooling and remote control. There are many engineering design is-
sues in this region. The local shielding weight is about 12 ton/m. It occupies significant
cross-sectional area and makes access to the region components a non-trivial task. Radi-
ation levelsinside it are extremely high preventing hands-on maintenance. Therefore the
design should include a remotely operated crane to lift out the shielding and parts of the
beam-line. The beam-line elements should be designed for fast remote maintenance. Re-
mote operations are required for fine tuning of the collimator jaws. Another problem isthe
heat buildup in the collimation system. The power intercepted by the collimators C1 and C2
isequal to about 3 and 4 kW, respectively. Itisdissipated in the collimators themselves and
along 2-3 metersin the downstream beam-line. A cooling system should be able to remove
this power. Radiation damageto the cables, cooling water pipes, beam diagnostics elements
and other sensitive components is a serious issue in this region and will be considered for
the entire machine in the near future.
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10.8. P40 and P60 L ong Straight Shielding

Extraction from the Proton Driver will be one-turn fast extraction. In order to reduce the
extractionlossin Stage 1, therewill be a7-bucket notchinatrain of 126 bunches. Therefore,
therewill belittleloss at the extraction septum. In Stage 2, thisnotch is not needed dueto a
large bunch spacing (132 ns). When the machineiswell tuned, the extraction loss can be as
low as the order of 104, which has been achieved at the 1SIS. As for the RF cavities with
large apertures, our calculations show no noticeable beam loss in those regions.

The above implies that no local shielding is needed in the P40 and P60 long straight
sections. At this stage, shielding design and radiation requirementsin these regions are as-
sumed the same asin the arcs.
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